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STUDY QUESTION! Are the concentrations of factors secreted by decidual natural killer (dNK) cells from pregnancies at high risk of poor 
spiral artery remodelling different to those secreted from pregnancies at low risk? 

SUMMARY ANSWER! Expression levels of PLGF, slL-2R, endostatin and angiogenin were significantly increased by dNK cells from high-risk 
pregnancies, and angiogenin and endostatin were found to alter trophoblast function. 

WHAT IS KNOWN ALREADY: During early pregnancy, maternal uterine spiral arteries are remodelled from small diameter, low-flow, high- 
resistance vessels into larger diameter, higher flow vessels, with low-resistance. This change is essential forthedevelopingfetus to obtain sufficient 
oxygen and nutrients. dNK cells have been implicated in this process. 

STUDY DESIGN, SIZE, DURATION: dNK cells were isolated from first trimester terminations of pregnancies (obtained with local ethical 
approval) screened for normal- or high-resistance index, indicative of cases least (< I %) and most (>2 1 %) likely to have developed pre-eclampsia 
had the pregnancy not been terminated (n = 1 8 each group). Secreted factors and the effects of these on the trophoblast cell line, SGHPL-4, were 
assessed in vitro. 

PARTICIPANTS/MATERIALS, SETTING, METHODS: A multiplex assay was used to assess dNK cell-secreted factors. SGHPL-4 cell 
functions were assessed using time-lapse microscopy, 3D invasion assays, endothelial-like tube formation ability and western blot analysis. 

MAIN RESULTS AND THE ROLE OF CHANCE: The expression levels of PLGF (P < 0.0 1 ), slL-2R(P < 0.0 1 ), endostatin (P < 0.05) and 
angiogenin (P < 0.05) were significantly increased by dNK cells from high-risk pregnancies. Endostatin significantly decreased SGHPL-4 invasion 
(P < 0.05), SGHPL-4 tube formation (P < 0.05) and SGHPL-4 Akt ser473 phosphorylation (P < 0.05). Angiogenin significantly decreased SGHPL- 
4 invasion (P < 0.05), but increased SGHPL-4 tube formation (P < 0.0 1 ) and decreased SGHPL-4 Akt ser473 phosphorylation (P < 0.05). 

LIMITATIONS, REASONS FOR CAUTION: The culture of dNK cells and protein concentrations in vitro may not fully represent the in vivo 
situation. Although SGHPL-4 cells are extravillous trophoblast derived, further studies would be needed to confirm the roles of angiogenin and 
endostatin in vivo. 

WIDER IMPLICATIONS OF THE FINDINGS: The altered expression of secreted factors of dNK cells may contribute to pregnancy 
disorders associated with poor spiral artery remodelling. 
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Introduction 

The placental cells arising from the outer layer of the blastocyst, the 
trophoblast, differentiate along either the villous or extravillous pathways. 
Extravillous trophoblast (EVT), invade into the pregnant uterus (decidua) 
where they interact with maternal cells, including decidual natural killer 
(dNK) cells. These comprise ~70% of the decidual immune cell popula- 
tion and are a distinct subset of NK cells. They display a large granular 
lymphocyte morphology and are 

CD56 bright CD ! 6 - as opposed tQ per _ 

ipheral blood natural killer cells, where the predominant population is 
CD56 dim/ ~CD 1 6 bright (King et al., 1 998). During early pregnancy, mater- 
nal uterine spiral arteries are remodelled from low-flow, high-resistance 
vessels into higher flow vessels with low-resistance. The extent of EVT in- 
vasion is critical for implantation and remodelling of the uterine spiral arter- 
ies (Pijnenborg et al., 2006), and EVT have been shown to play an active 
role in regulating the remodelling events (Ashton et al., 2005; Keogh 
et al., 2007; Harris et al., 2010). However, there is now considerable 
interest in the role that other cells, particularly the dNK cells, may have 
in regulating trophoblast invasion. 

dNK cells produce a number of soluble factors such as cytokines, 
growth factors and pro-and anti-angiogenic proteins, in contrast to per- 
ipheral blood NK cells, which have a more cytotoxic role in defence 
(Santoni etc/., 2007). Trophoblast invasion and spiral artery remodelling 
are complex processes, with many interactions taking place between the 
various cell types in the decidual environment. The appropriate regula- 
tion of these processes is likely to be influenced by the levels of dNK cell- 
derived factors since they are located in close proximity to both invading 
EVT and remodelling vessels and several dNK-derived cytokines, che- 
mokines and growth factors have been identified at the fetal -maternal 
interface (Hanna eta/., 2006; Lash etal., 2006). For example, interferon 
(IFN)--y may modulate both chemokine expression and trophoblast 
activity to limit invasion (Murphy et al., 2009). 

In pregnancies complicated by pre-eclampsia and intrauterine growth 
restriction, shallow trophoblast invasion and insufficient spiral artery 
remodelling have been observed (Brosens et al., 1970; Pijnenborg 
etal., 1 99 1 ; Meekins etal., 1 994). Poor spiral artery remodelling is estab- 
lished in the first trimester of pregnancy. However, human studies are 
restricted by a lack of access to first trimester tissue with a known preg- 
nancy outcome or a known stage of spiral artery remodelling. Doppler 
ultrasound scanning can be used to measure the resistance index (Rl) 
of uterine artery blood flow, reflecting the level of remodelling in the 
spiral arteries, and therefore can be used as a proxy measure of the re- 
modelling process. In this study, we have used this technique to identify 
pregnancies at the highest risk (2 1 %) and at lowest risk (< I %) of devel- 
oping pre-eclampsia (Prefumo et al., 2004), with the highest and lowest 
evidence of first trimester poor spiral artery remodelling. 

In this study, the factors produced by isolated dNK cells were examined 
and the role that two of these factors, angiogenin and endostatin, may play 
in modulation of trophoblast activity during pregnancy was investigated. 

Materials and Methods 

Doppler ultrasound of uterine artery 
resistance and ethical approval 

Maternal uterine artery Doppler ultrasound scans were conducted on 
women attending a clinic for elective termination of pregnancy as previously 



described (Melchiorre et al., 2008; Prefumo et al., 2008). Wandsworth 
Local Research Ethics Committee approval was in place for both the 
Doppler ultrasound before surgical termination and the use of first trimes- 
ter tissue after the termination, and all women gave informed written 
consent. Terminations of pregnancy were carried out at 9-14 weeks of 
gestation. All were singleton pregnancies, with no known pre-existing 
medical conditions. High-RI cases were defined as those presenting with bi- 
lateral uterine diastolic notches and a mean Rl above the 95th percentile, 
while normal-RI cases were defined as presenting with no diastolic 
notches and a mean Rl below the 95th percentile. These two Rl groups 
represent cases with the most (21%) and least (<l%) likely chance 
of developing pre eclampsia, had the pregnancy not been terminated 
(Melchiorre et al., 2008). 

Positive selection of dNK cells 

Products of conception were obtained immediately after surgical termination 
of pregnancy. NK cells were isolated from decidual tissue using positive selec- 
tion with anti-CD56 antibody coated magnetic beads (Miltenyi Biotec, 
Surrey, UK) as previously described (Fraser et al., 2012). Purity was 
93.6 + 1 .3% (mean + SEM, n = 1 9 patients). 

Cell culture 

The well-characterized human EVT cell line, SGHPL-4, is derived from 
primary human first trimester EVT (Choy and Manyonda, 1 998; Cartwright 
et al., 1 999). SGHPL-4 cells were cultured in Hams Fl 0 media supplemen- 
ted with 10% (v/v) fetal bovine serum (FBS), containing L-glutamine 
(2 mmol/l), penicillin (lOOIU/ml) and streptomycin ( 1 00 ]jLg/ml). All 
cells were incubated with 95% air and 5% C0 2 at 37°C in a humidified 
incubator. 

The isolated CD56 + NK cells were centrifuged at400gfor 10 min at22°C 
andculturedfor24 hat6 x 1 0 6 cells/ 1 0 ml in RPMI I 640 medium (Invitrogen, 
Paisley, UK) with 10% FBS, containing 2.5jjig/ml amphotericin B (Sigma 
Aldrich, Dorset, UK), 2 mM L-glutamine, 50 (xg/ml penicillin and 50 |xg/ml 
streptomycin (Invitrogen), 50 ng/ ml stem cell factor and 5 ng/ ml IL- 1 5 (Pepro- 
tech, London, UK) at 37°C in a 5% C0 2 humidified incubator. There was no 
significant difference between the gestational ages of the patients in either of 
the two groups (P = 0.235, high-RI group: n = at least 1 8 per test, mean ges- 
tational age 74.8 + 2.4, normal-RI group: n = at least 1 8 per test, mean gesta- 
tional age 77.48 + 1 .87). 

Multiplex array 

Factors secreted by dNK cells were quantitatively analysed by bead-based 
multiplexing [angiogenin, endostatin, placental growth factor (PLGF); R&D 
Systems, Abingdon, UK, all other factors; Invitrogen, Life Technologies 
Ltd] according to manufacturer's protocols with detection on a Luminex 
100 system (Luminex, Austin, TX, USA). Culture supernatants from dNK 
cells isolated from individual patients were examined (n = at least 18 
normal- and high-RI samples per test). Supernatants were tested at three 
concentrations; concentrated 5-fold (Vivaspin columns, Sartorius Stedim 
UK Ltd, Surrey, UK), neat and diluted 3-fold in serum-free medium. 
Results were corrected according to the cellular protein concentration 
determined by Bradford assay (Bio-Rad, Hemel Hempstead, UK) of the pel- 
leted cells after collection of the culture supernatant. In the case of a factor 
being undetected in >I5% of the culture supernatants, this factor was 
reported but not included in the analysis. Statistical comparisons were 
made between the patient groups for the remaining factors. 

Motility assay 

SGHPL-4 motility in response to endostatin and angiogenin was assessed as 
previously described using time-lapse microscopy (Grant et al., 2012). 
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SGHPL-4 cells were seeded in Hams FIO media supplemented with 1 0% (v/v) 
FBS before overnight incubation in Hams FIO media supplemented with 0.5% 
(v/v) FBS. Recombinant human endostatin (Peprotech) was incubated 
with the SGHPL-4 cells in serum-free media alone or in the presence of 
10 ng/ml epidermal growth factor (EGF) at concentrations of 50, 500 and 
5000ng/ml for 24 h (n = 4); angiogenin (R&D Systems) was incubated 
with the SGHPL-4 cells alone or in the presence of 10 ng/ml EGF at concen- 
trations of 1 0, 1 00 and 1 000 ng/ ml for 24 h (n = 4). Cells were randomly 
chosen at the beginning of the experimental sequence and their movement 
was tracked manually using Image-J software (version 1 .47d, National 
Institutes of Health, USA). 

Invasion assay 

Invasion of SGHPL-4 cells in response to recombinant endostatin and angio- 
genin was measured using a spheroid invasion assay as previously described 
(Wallace eto/., 201 3). Avolume of 100 |xl of control medium orrecombinant 
endostatin at 50, 500 and 500 ng/ ml (n = 4) or angiogenin at 1 0, 1 00 and 
1 000 ng/ ml (n = 4), with or without 1 0 ng/ ml EGF, was added in serum-free 
media and spheroids were visualized after 24 h incubation using an Olympus 
1X70 inverted microscope. Images were captured using a Hamamatsu 
C4742-95 digital camera. Invasion was measured as the average number 
and length of all invasive processes from each spheroid using Image-J software 
(version 1 .47d). 

Tube formation assay 

The ability of SGHPL-4 cells to form endothelial-like tube structures on 
Matrigel (BD, Oxford, UK) in serum-free media in the presence of angiogenin 
(10, 100 or 1000 ng/ml, n= 3)orendostatin(50,500or5000 ng/ml, n= 5) 
was assessed using a jjL-slide Angiogenesis Assay (Ibidi, Planegg, Germany) 
according to the manufacturers' instructions. 

Western blot analysis 

SGHPL-4 cells were serum starved for 24 h in Hams FIO containing 0.5% 
FBS (v/v) before incubation of cells with 1 00 ng/ml angiogenin (n = 4) 
or 500 ng/ ml endostatin (n = 4) for 0,5, 1 5, 30 or 60 min in Hams F 1 0 
containing 0% FBS (v/v). SGHPL-4 cells were then lysed in Radio-lmmuno- 
precipitation Assay buffer containing a protease inhibitor cocktail of apro- 
tinin (60(jLg/ml), phenylmethylsulfonyl fluoride (I mM) and sodium 
orthovanadate ( I mM). Western blotting was then performed as previously 
described (Grant et al, 20 1 2) using rabbit anti-phospho-Akt Ser473 ( I /2500 
dilution, Cell Signalling Technology, Hertfordshire, UK), rabbit 
anti-phospho-ERK 1/2 (I / 1000 dilution, Cell Signalling Technology), 
mouse anti-phospho-FAK (pY937, BD Biosciences, Oxford, UK) or 
mouse anti-a-tubulin (1/10 000 dilution, Abeam, Cambridge, UK). 
Western blots were scanned and the integrated density of each band deter- 
mined using Image-J software (version 1 .47d). Results are expressed as a 
ratio to the loading control within the same sample. 

Statistical analysis 

Data were log transformed to stabilize variance and a Student's t-test was 
used to compare differences between patient groups using GraphPad 
Prism v5 (GraphPad Software, San Diego, CA, USA). A P-value of <0.05 
was considered to be statistically significant. Non-parametric Freidman 
one-way analysis of variance with Dunns post hoc test was used to 
compare trophoblast invasion, tube formation and alterations in phosphor- 
ylation of signalling proteins. 



Results 

Levels of angiogenic factors in normal-RI 
and high-RI dNK cell conditioned media 

dNK cell culture supernatants from individual patients were examined 
after 24 h of culture, by multiplex bead-based assays. Analysis of the 
various cytokines showed a significantly higher production of angiogenin 
(P<0.05; Fig. I A), soluble interleukin-2 receptor (slL-2R, P < 0.01 ; 
Fig. IB), endostatin (P < 0.05; Fig. IC) and PLGF (P < 0.01; Fig. ID) 
by high-RI dNK cells in comparison with normal-RI dNK cells. The fol- 
lowing cytokines were detectable in >85% of the samples assayed, 
however, were not significantly different between the high-RI and 
normal-RI dNK groups (P > 0.05, data not shown): IL- 1 RA, monokine 
induced by gamma interferon (MIG), macrophage inflammatory 
protein la (MlPla), MIPIJ3 and regulated upon activation normal 
T-cell expressed and secreted (RANTES). 

Several secreted factors were only detected in < 1 5% of the total 
samples, and these were: fibroblast growth factor-(3, granulocyte 
colony stimulating factor, granulocyte and macrophage colony stimulat- 
ing factor, IFN-a, IFN-7, IL-lfS, IL-2, IL-7, hepatocyte growth factor, 
IL- 1 0, IL- 1 2, tumour necrosis factor a and vascular endothelial growth 
factor (VEGF). The factors, EGF, eotaxin, IL-4, IL-5, IL- 1 3 and IL- 1 7 
were not detectable in any culture supernatants. When regression ana- 
lysis was carried out across gestation for angiogenin, slL-2R, endostatin, 
PLGF, IL- 1 RA, MIG, MIPI a, MIPI (3 and RANTES, there was no relation- 
ship between the levels of factors detected and gestational age (in either 
high-RI or normal-RI groups, data not shown). 

Effects of endostatin on trophoblast function 

To transform spiral arteries, trophoblast must perform the varied func- 
tions of invasion and migration into the decidua and the transformation 
into an endothelial-like phenotype, and these functions may be altered 
by secreted factors from dNK cells. We measured the effect of recom- 
binant endostatin on known trophoblast functions using the extravillous- 
like trophoblast cell line, SGHPL-4. Recombinant endostatin at concen- 
trations of 50, 500 and 5000 ng/ml did not significantly affect basal or 
EGF-induced motility of SGHPL-4 cells (Fig. 2A). 

Using a fibrin gel invasion assay, we investigated both the number of 
SGHPL-4 cells invading from a 3D spheroid and the average length of 
the invasive process. EGF-induced invasion of SGHPL-4 cells was signifi- 
cantly decreased in the presence of 5000 ng/ml endostatin, as measured 
by both the average length of the invasive process (Fig. 2B, control mean 
length: 1 65.2 + 1 2.6, 5000 ng/ml mean length: 1 32.4 + 8.4, P < 0.05) 
and number of cells invading (Fig. 2C, control mean number: 34.6 + 1.8, 
5000 ng/ml mean number: 24.6 + 2.2, P < 0.05). 

The ability of SGHPL-4 to form endothelial-like tube structures on 
Matrigel was also examined in the presence of endostatin. Endostatin 
at a concentration of 5000 ng/ml significantly decreased the number 
of branching points between trophoblast tubes (Fig. 2D, control mean 
no. branching points 5 1 3.5 + 70.2, 5000 ng/ml mean no. branching 
points 336.8 + 40.8, P < 0.05). 

Effect of angiogenin on trophoblast function 

To examine the importance of increased angiogenin expression by dNK 
cells from high-RI patients, we measured the effect of angiogenin 
on the same trophoblast parameters. Recombinant angiogenin at 
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Figure I Comparison of factors secreted by normal-RI dNK cells and high-RI dNK cells. Measurement by multiplex assay of (A) Angiogenin (*P < 0.05) 
(B) slL-2R (**P < 0.0 1 ), (C) Endostatin (*P < 0.05) and (D) PLGF (**P < 0.0 1 ) in dNKcell culture supernatants incubated for 24 h. N = at least I 8 normal 
and high Rl samples. Data points presented are from individual patients and include the mean + SEM. Rl, resistance index. 



concentrations of 10, 1 00 and 1 000 ng/ml did not significantly affect 
basal or EGF-induced motility of SGHPL-4 cells (Fig. 3A). Recombinant 
angiogenin at concentrations of 1 0, 1 00 and 1 000 ng/ml did not signifi- 
cantly affect the length of SGHPL-4 cell invasive processes into fibrin 
gels (Fig. 3B), however, at concentrations of 10 and 1 00 ng/ml, angio- 
genin did significantly inhibit the number of EGF-induced invasive out- 
growths, while 1 000 ng/ml did not (Fig. 3C, control mean number: 
4I.3 + 5.5, 1 0 ng/ml mean number: 32.4 + 3.5, 1 00 ng/ml mean 
number: 33.0 + 4.9, P < 0.05). At a concentration of 1 000 ng/ml, re- 
combinant angiogenin significantly increased the number of branching 
points between SGHPL-4 tube-like structures formed on Matrigel 
(Fig. 3D, control no. branching points: 1 60.3 + 52.3, 1 000 ng/ml no. 
branching points 224 + 62, P < 0.05). 

Signalling pathways affected by endostatin 
and angiogenin 

To identify a mechanism for the effects of endostatin and angiogenin on 
SGHPL-4 cells, we investigated signalling pathways known to be activated 
by these proteins and important in motility and invasion of trophoblast 
cells (Kim et al., 2002; Pollheimer et al, 20I I; Grant et al, 20I2). 
SGHPL-4 cells were incubated for 0-60 min with recombinant 
500 ng/ml endostatin or 1 000 ng/ml angiogenin, concentrations 



previously found to influence trophoblast behaviour, and the signalling 
pathways activated were examined by western blot analysis. Endostatin 
led to a temporary de-phosphorylation of Akt ser473 at 1 5 and 30 min 
(Fig. 4A, 1 5 min: 2.95-fold, 30 min: 2.65-fold, P < 0.05), however, phos- 
phorylation of ERK l/2and FAKwas not significantly altered at any time 
point. Angiogenin significantly decreased phosphorylation of Akt ser473 at 
60 min (Fig. 4B, 1 .9 + 0. 1 7-fold decrease, P < 0.05), however, did not 
significantly affect ERKI/2 phosphorylation or phosphorylation of 
phopsho-FAK at any time point. 

Discussion 

The major maternal immune cell component of the maternal decidua is 
made up of dNK cells, but the role that they play in controlling tropho- 
blast function is still unknown. Decidual NK cells were isolated from 
first trimester termination of pregnancy samples, and separated into 
two groups based on uterine artery Doppler resistance index, of 
which a high-RI is a proxy measure of the extent of poor spiral artery 
remodelling. We examined the profile of cytokine and angiogenic 
factor secretion in the culture media of dNK cells from high-RI and 
normal-RI pregnancies. Angiogenin and endostatin were produced at a 
higher level by dNK cells from high-RI pregnancies, and endostatin was 
found to inhibit trophoblast invasion and endothelial-like trophoblast 
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Figure 2 The effect of endostatin on basal and EGF-stimulated trophoblast function. Recombinant endostatin was added to SGHPL-4 cells at the con- 
centrations listed. (A) SGHPL-4 cell basal and EGF-stimulated motility was measured over a 24 h period in the presence of recombinant human endostatin. 
Motility was not significantly different compared with the control, n = 4. (B) SGHPL-4 cells were cultured to form spheroids, embedded in fibrin gels and the 
length and (C) the number of invasive processes was measured. The average length and number of invasive process outgrowths of SGHPL-4 cell spheroids in 
the presence of 1 0 ng/ ml EGF were decreased in response to 5000 ng/ ml endostatin when compared with control culture media (*P < 0.05, n = 4). 
(D) SGHPL-4 cells were cultured on Matrigel to induce endothelial-like tube formation, which was assessed by counting the number of branching 
points between tubes. The total number of branching points was decreased in response to 5000 ng/ml endostatin when compared with control 
culture media (*P < 0.05, n = 5). 



tube formation, while angiogenin was found to inhibit trophoblast 
invasion but promote tube formation. 

In our initial screen, no difference was found between normal-RI and 
high-RI dNKcell secretion of a number of factors. With the exception of 
IL- 1 RA, these have all previously been confirmed as produced by dNK 
cells (Wallace et a/., 20 1 2). The angiogenic factors and cytokines 
secreted by dNK cells at the maternal -fetal interface are thought to 
have crucial roles in controlling trophoblast functions prior to the remod- 
elling of spiral arteries. For example, dNK are capable of chemoattraction 
of EVT via IL-8 and interferon induced-protein 1 0 (IP- 1 0; Hanna et a/., 
2006). Decidual NK secreted cytokines can also alterthe differentiation 
of EVT into the invasive phenotype (Jovanovic et al., 20 1 0) and support 
the development of EVT into 'endothelial-like' structures through 
secreted factors including VEGF (Hu et at., 20 1 0). 

Four factors were found at significantly different concentrations in the 
culture media of our two groups of dNK cells: slL-2R, PLGF, endostatin 
and angiogenin. The concentration of soluble IL-2R was increased in the 
culture supernatant of dNK cells from high-RI pregnancies. Secretion of 



this cytokine is often preceded by increased cell-surface expression of 
IL-2R (Treiber-Held et at., 1 996), which can occur due to increased 
IL-2 and IL-I5 signalling, two cytokines present at the maternal-fetal 
interface (Verma etal., 2000; Scaife eta/., 2006). This may suggest an ele- 
vated activation status of dNK cells from high-RI pregnancies, which 
would also indicate altered proliferation and survival (King et al., 1 999). 
It is therefore an important future study to investigate the activation 
status of dNK cell-associated IL-2R in the normal- and high-RI popula- 
tions, in combination with the receptor repertoire of dNK cells in each 
group. 

The angiogenic factor PLGF was also secreted at increased levels by 
dNKcellsfrom high-RI pregnancies. PLGFatthe maternal -fetal interface 
has been shown to have both pro- and anti-angiogenic effects via the 
receptors it shares with VEGF, VEGFRI and the fms-like tyrosine 
kinase- 1 (fit- 1 ) receptor (Furuya et al., 20 1 I ). Altered PLGF expression 
has been associated with pre-eclampsia (Anderson et al., 20 1 2). PLGF 
promotes trophoblast proliferation (Athanassiades and Lala, 1 998) 
and survival (Desai et al., 1 999), however, the role of dNK cell secreted 
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Figure 3 The effect of angiogenin on basal and EGF-stimulated trophoblast function. Recombinant angiogenin was added to SGHPL4 cells at the con- 
centrations listed. (A) SGHPL-4 cell basal and EGF-stimulated motility was measured overa24-h period in the presence of recombinant human angiogenin. 
Motility was not significantly different compared with the control, n = 4. (B) SGHPL-4 cells were cultured to form spheroids, embedded in fibrin gels and the 
length and (C) number of invasive processes was measured. The average length of invasive process outgrowths of SGHPL-4 cell spheroids alone or in the 
presence of 1 0 ng/ml EGF was not altered in response to angiogenin when compared with control culture media. The average number of invasive process 
outgrowths of SGHPL-4 cell by spheroids in the presence of 1 0 ng/ml EGF was significantly decreased in response to 1 0 ng/ml and 1 00 ng/ml angiogenin 
when compared with control culture media (*P < 0.05, **P < 0.01 , n = 5). (D) SGHPL-4 cells were cultured on reduced-growth-factor Matrigel to induce 
endothelial-like tube formation, assessed by counting the number of branching points between tubes. The total number of branching points was increased in 
response to 1 000 ng/ ml angiogenin when compared with control culture media (**P < 0.0 1 , n = 3). 



PLGF may be difficult to determine as the interaction between PLGF, 
VEGF and fit- 1 may be more important in the function of PLGF as 
opposed to the concentration of PLGF alone (Furuya et al., 20 1 I ). 

The functions of endostatin and angiogenin are unknown in the 
decidua. Endostatin is the C-terminal cleavage product of Collagen 
XVIII, an extracellular matrix protein associated with the basement 
membrane. The endostatin present in the dNK culture medium may 
therefore be a result of dNK produced proteases cleaving collagen pro- 
duced by other cells in our cultures, or any bound extracellular matrix still 
present after dNK isolation, which could indicate higher protease levels 
in the high-RI dNK group. Endostatin is an anti-angiogenic factor in 
cancer, and most likely works through several modes of action including 
direct interactions with the basement membrane, inhibition of M MPs and 
interaction with endothelial cell receptors (Karamouzis and Moschos, 
2009). Endostatin has been shown to be expressed in the decidua (Poll- 
heimeret al., 2004) and cultured endometrial stromal cells (Nasu et al., 
2004). Endostatin has been demonstrated to reduce invasion of the 
trophoblast cell line SGHPL-5 as well as the outgrowth of EVT from 



placental villous explants (Pollheimer et al., 20 1 I). In the present study, 
we determined that endostatin reduced EGF-stimulated trophoblast 
invasion and reduced the basal capacity of SGHPL-4 cells to form 
endothelial-like tubes, and may function in SGHPL-4 cells by inhibition 
of phosphorylation of Akt ser473 . However, it is likely that endostatin is 
also able to function by alternative signalling, for example endostatin 
can interact with a v integrins to alter cell migration and survival (Rehn 
et al., 2001), and expression of the same integrin receptors on tropho- 
blast are key to their invasion (|ovanovic et al, 20 1 0) and the adoption 
of an endothelial-like phenotype such as the endovascular trophoblast 
(Zhou eta/., 1997). 

The expression of angiogenin has been demonstrated by dNK cells 
(Engert eta/., 2007), trophoblast (Rajashekhar eta/., 2005) and decidual 
stromal cells (Koga eta/., 200 1). It is a pro-angiogenic secreted ribonucle- 
ase that binds to an unknown receptor leading to endocytosis and 
pro-angiogenic effects in the cell nuclei, including proliferation (Moroianu 
and Riordan, 1 994). Despite the known role of angiogenin in vessel re- 
modelling, its actions during pregnancy on spiral arteries or trophoblast 
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Figure 4 Signalling pathways affected in SGHPL-4 cells by recombinant human endostatin and recombinant human angiogenin. (A) SGHPL-4 cells were 
cultured in the presence of 500 ng/ml recombinant endostatin for 0 to 60 min. Cell lysates were collected, and equal amounts of total protein were sub- 
jected to western blot analysis for the phosphorylation of phosphorylated (p)-Akt, p-ERK I II or p-FAK. Data presented are p-Akt relative to the a-tubulin 
loading control, mean + SEM, *P < 0.05. (B) SGHPL-4 cells were cultured in the presence of 1 000 ng/ ml recombinant angiogenin for 0 to 60 min. Cell 
lysates were collected, and equal amounts of total protein were subjected to western blot analysis for phosphorylated Akt, ERK I /2 and FAK. Data pre- 
sented are p-Akt relative to the a-tubulin loading control, mean + SEM, *P < 0.05, n = 4. 



are unknown. In ourinvasion assay, angiogenin inhibited, ratherthan pro- 
moted, EGF-stimulated SGHPL-4 invasion. However, the formation of 
endothelial-like trophoblast tubes was promoted by angiogenin, indicat- 
ing that differentiation into endovascular trophoblast would be pro- 
moted by this factor. We examined three signalling pathways known 
to be involved in angiogenin or SGHPL-4 signal transduction, including 
phosphorylation of Akt ser473 , ERK I /2 and FAK (Gao and Xu, 2008; 
LaMarca eta/., 2008; Wei eta/., 20 1 I ) and found that Akt ser473 phosphor- 
ylation was time-dependently decreased by angiogenin. It is possible that 
the increased levels of angiogenin in the high-RI dNKgroup may contrib- 
ute during pregnancy towards preventing vessel breakdown in the initial 
stages of spiral artery remodelling and maintaining vessel stability rather 
than direct effects on trophoblast. 

The role of dNK cell-secreted factors during the first trimester of preg- 
nancy is now recognized to be important in signalling not only to invasive 
trophoblast but also to decidual spiral arteries and during remodelling of 
the decidua (Smith eta/., 2009; Fraseret a/., 20 1 2). Dissecting the role of 
dNK cells is complex because of the number of cytokines and angiogenic 
factors produced by these cells, some ofwhich can have opposing effects, 
as evidenced by the inhibition of tube formation by endostatin and pro- 
motion by angiogenin. The overall outcome in the decidua will depend on 
the balance of these interactions, and also the concentration of these 
factors; the concentrations of these secreted factors in the decidua are 
unknown, and we have therefore used a range of concentrations 



commonly used in the literature to examine both angiogenin and endo- 
statin. However, it is important to highlight that the interpretation of 
these results may be altered in the context of the correct concentration 
of angiogenin and endostatin, as it is possible that local concentrations 
between cells in the decidua may be within a different range to those 
described here. Future functional co-culture studies may be able to tell 
us more about the specific effects of these dNK cell-derived factors 
and the implications of these effects in normal and pre-eclamptic 
pregnancies. Our use of Doppler ultrasound to differentiate between 
pregnancies most and leastlikely todisplaypoorspiral artery remodelling 
will further aid the discovery of altered signalling in pathological 
pregnancies. 
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